To investigate the possible role of insulin per se in the thermic response to glucose/insulin infusions, respiratory exchange measurements were performed on eight healthy young men for 45 min before and 210 min after somatostatin infusion. Two tests were performed on separate days and each had two consecutive phases of 90 min each. Test 1. Two different rates of glucose uptake were imposed, one at euglycemia (phase 1) and the other at hyperglycemia (phase 2) while insulinemia was maintained constant throughout.
Introduction
The thermic effect ofglucose in lean individuals either after oral ingestion or during intravenous infusions is greater (1, 2) than can be attributed to the energy cost ofstoring glucose as glycogen (3) . On the other hand, obese subjects often (4-8) but not always (9-1 1) present with a reduced thermic effect when compared with lean controls, which is aggravated by increasing insulin resistance (5) . Although a diminished thermic effect of food has been proposed to contribute to the pathogenesis of obesity (12) (13) (14) , it is uncertain whether this is a cause or a consequence of the obese state, particularly since it has been demonstrated that when the glucose uptake is the same in lean and obese individuals rate in response to a meal was reduced in streptozotocin-induced diabetic rats but was reestablished in those receiving insulin. This has led to the suggestion that insulin action is involved in the thermic response to food ingestion (16, 17) .
Since the effects of glucose and insulin metabolism are so intimately related, it is difficult to conclude if it is a direct effect ofinsulin independent ofglucose metabolism that is responsible for the observed increase in thermogenesis. This study was therefore designed to separately measure the thermic effect of glucose alone and the influence of insulin itself on energy expenditure in man. For this purpose euglycemic and hyperglycemic insulin clamping was performed in healthy young male subjects with or without somatostatin infusion in combination with continuous respiratory exchange measurements. This approach allowed us to determine whether insulin per se plays a role in the thermic response to glucose/insulin infusions.
Methods

Subjects
Eight healthy young male subjects, whose physical characteristics are presented in Table I , were studied. No subject had a family history of diabetes mellitus and none was taking any medication during the experimental protocol. The protocol was submitted, reviewed, and accepted by the ethical committee of the Faculty of Medicine, University of Lausanne. After receiving a detailed explanation ofthe experimental protocol, written consent was obtained from each volunteer before acceptance into the study.
Experimental protocol
For 3 d before each test the subject was instructed to eat a diet containing at least 250 g of carbohydrate, supplemented with sugared fruit juice providing an additional 60 g of hexose sugars per day. Each subject was requested to keep a log ofhis diet and physical activity during this period so that he could replicate similar dietary and activity patterns in the days preceding subsequent tests.
Each subject spent the night before the test at the Institute. In the morning the subject was awakened at 6:30 a.m. and after voiding was transferred to the room in which the test was to be performed. Two venous lines were inserted. One was a venous catheter (Venflon, Viggo, AB, Helsingborg, Sweden) placed in an antecubital vein for infusion of glucose and hormones and the other, a 19-gauge Butterfly (Abbott Ireland Ltd, Sligo, Republic of Ireland) was inserted retrogradely into a hand vein for blood sampling and was kept patent with physiological saline.
The hand was then placed in a heated box (-60°C) to achieve arterialization of the venous blood ( 18) .
The subject performed four experimental protocols within a period of 2 mo. The first and second ( Fig. 1) and the third and fourth experiments were performed within 2 wk.
Test la with constant insulin infusion at two successive steady state plasma glucose concentrations. This test was designed to study the effect of an increase in glucose uptake on energy expenditure, without a concomitant change in insulinemia.
After 45 min ofbaseline measurements, somatostatin (Stilamin, Ser- Statistical analyses were performed using Student's paired t test. Stepwise regression analysis was used to determine which parameter change (glucose uptake, plasma concentration of insulin, norepinephrine, and epinephrine) correlated with each change in energy expenditure. Results are expressed as mean±SEM unless stated otherwise.
Results
The aim of the present protocols were in test la, to maintain insulinemia at a constant rate during two different steady state conditions ofglucose uptake and in test 2a to maintain a constant glucose uptake during two different steady state conditions of insulinemia. The results ofthe blood parameters and heart rates measured during the baseline and the different phases of each experiment are summarized in Table II. Test la. It can be seen that with somatostatin infusion there was a slight but significant decrease in both glycemia and insulinemia between the baseline and somatostatin phases after which blood glucose was maintained at 91 ±1 mg/dl when plasma insulin was 80±4 AU/ml (phase 1). As expected, C-peptide concentrations fell dramatically with somatostatin and decreased further to 0.18±0.01 ug/ml in phase 2 at which time plasma insulin concentrations were 71±3 uU/ml.
Test lb. Glycemic values were similar to those in test la. Without somatostatin infusion, C-peptide concentrations were more elevated than in test Ia, especially during the hyperglycemic Plasma concentration of norepinephrine and epinephrine.
Plasma norepinephrine concentrations in tests 2 were significantly increased during the hyperinsulinemic phase (phase 2) when compared with values in phase 1 (244±12 vs. 207±15 pg/ ml, P < 0.01; 274±25 vs. 225±17 pg/ml, P < 0.005, in tests 2a and 2b, respectively). Similarly, plasma epinephrine concentrations were slightly increased in tests 2a and 2b during the hyperinsulinemic phase. Plasma concentration of glucagon. The plasma glucagon concentration was lowered by somatostatin infusions in tests la and 2a. In test 2b, plasma glucagon concentrations were decreased from 86±9 (baseline) to 46±7 pg/ml (phase 1; P < 0.005) following the step increase in insulinemia.
Glucose uptake, glucose oxidation, and glucose storage. The changes in glycemia, glucose uptake (M), glucose oxidation, and glucose storage are illustrated in Fig. 2 for tests la and 2a. During the baseline period glucose oxidation was 0.136±0.020 g/min (test la) and 0.112±0.021 g/min (test 2a). Lipid oxidation at this time was 0.061±0.007 g/min in both tests. With somatostatin, glucose oxidation fell to 0.110±0.017 g/min, P < 0.02, (test la) and 0.098±0.015 g/min NS (test 2a) even though glucose uptake was 0.093±0.018 g/min and 0.094±0.017 g/min, respectively.
During the last 30 min of the hyperinsulinemic (80±4 ,U/ ml), euglycemic clamp (test la) glucose uptake was 0.469±0.039 A step change in the rate ofglucose uptake from 0.469±0.039 g/min to 1.069±0.086 g/min resulted in an increase in both glucose oxidation to 0.385±0.029 g/min (P < 0.005) and storage to 0.684±0.077 g/min (P < 0.001), while lipid oxidation decreased to negligible values.
During the last 30 min of test 2a phase 1, where hyperglycemia was maintained at 170±2 mg/dl at an insulinemia of95±7 AU/ml glucose uptake was 0.884±0.101 g/min, one-third of which was due to oxidation (0.284±0.029 g/min) and 0.600±0.086 g/min to glucose storage. The step change in plasma insulin concentration from 95±7 to 848±121 AU/ml (test 2a, phase 2) caused a slight but significant increase in glucose uptake from 0.884±0.101 to 0.926±0.102 g/min, P < 0.001, which was due to a fall in glucose concentration in the glucose space. The disposal of this small increase in glucose uptake could be entirely accounted for by an increase in glucose oxidation since glucose storage remained unchanged (0.570±0.080 g/min, NS).
During both clamp phases lipid oxidation decreased significantly (0.020±0.004 g/min, P < 0.001 and 0.006±0.006 g/min, P < 0.001, phases 1 and 2, respectively) when compared with the baseline (0.061±0.007 g/min) and somatostatin (0.067±0.004 g/min) phases. Table III presents the results for glucose uptake, oxidation, and storage obtained in the two tests without somatostatin. In these conditions, although glucose uptake was slightly greater, the contribution of oxidation and storage to glucose uptake was the same (within 4%) in each of the different phases as in the tests with somatostatin. When insulinemia was increased from 128±8 to 843±43 ,uU/ml glucose uptake increased slightly and was accompanied by a significant increase in glucose oxidation.
The changes in energy expenditure, glucose uptake and insulinemia during the two somatostatin tests are illustrated in Fig. 3 . Glucose uptake has been divided into its constituents, oxidation, and storage. It can be seen (test la) that an increase in both glucose uptake and insulinemia of 0.377±0.044 g/min and 73±4 ALU/ml (phase 1 minus somatostatin), respectively, caused an increase in energy expenditure of0.08±0.02 kcal/min or a thermic effect of 5.9±1.2%. When the rate ofglucose uptake was increased by a further 0.599±0.07 g/min, energy expenditure also increased by 0.14±0.03 kcal/min, which resulted in a thermic effect of glucose alone of 5.9± 1.1%.
In test 2a, the increase in both glucose uptake and insulinemia of 0.791±0.110 g/min and 90±7 ,uU/ml, respectively, caused an increase in energy expenditure of0.17±0.03 kcal/min. In this condition glucose storage was 0.605±0.099 g/min, and the thermic effect was 5.8±0.5%, which was the same as that observed in phase 2 of test la. When glucose uptake and storage was maintained constant and insulinemia was increased by 752±115 ,uU/ml, energy expenditure increased by 0.05±0.02 kcal/min (P < 0.025).
Stepwise regression analysis was performed on the changes in glucose uptake, plasma insulin, and catecholamine concentrations, in the somatostatin tests to determine which parameters most influenced the observed increase in energy expenditure (Table IV) . It can be seen that in test la, a step change in glucose uptake correlated significantly with the increase in energy expenditure (r = 0.823, P < 0.01) and accounted for 68% (r2) of this response (P < 0.025). The correlation improved slightly and remained significant when the increase in plasma epinephrine concentrations were added to the equation (r = 0.837, P < 0.05).
In test 2a where glucose uptake was maintained essentially constant and plasma insulin concentrations were increased by 752±115 uU/ml, the change in insulinemia did not correlate with the change in energy expenditure. Although the increases in both plasma norepinephrine and epinephrine concentrations Table V presents both the metabolic and blood parameters ofthe tests where either euglycemia or hyperglycemia was maintained continuously for 3 h. These results demonstrate that once steady state conditions were attained, no further changes occurred in any of the measured parameters, except in the euglycemic clamp, where both plasma insulin and free fatty acid concentrations fell slightly but significantly.
Heart rate. Fig. 5 presents the changes in heart rate during the experiments with and without somatostatin. In the postabsorptive state, the resting supine heart rate was 66±1 beats/min in all tests. When somatostatin was infused, there was a transitory fall that was significant (68±3 to 65±2 beats/min, P < 0.02 in test 1; 63±2 to 62±1 beats/min, P < 0.05 in test 2) and lasted -10-15 min. During the different clamp phases, the heart rate increased significantly intratest. Although the heart rate tended to be lower with somatostatin in test 1, the differences were not significant. However, in test 2, the differences were more evident and they were significantly different. uptake is highly correlated with a corresponding change in energy expenditure. Although a step change in insulin was accompanied by a slight increase in energy expenditure, the latter was significantly correlated with a concomitant rise in plasma catecholamine concentration rather than with the change in insulinemia. The influence of insulinemia upon plasma norepinephrine concentrations supports the observations ofRowe et al. (33) that hyperinsulinemia, rather than hyperglycemia, stimulates sympathetic nervous activity. The fact that stepwise linear regression analysis shows a significant correlation between the increase in plasma norepinephrine and that of energy expenditure suggests that, when present in large concentrations, insulin can cause a small increase in energy expenditure that is mediated via the sympathetic nervous system. Such a role for insulin has already been suggested (34), possibly acting via receptors that have been found in the ventromedial hypothalamus (35) . Insulin concentrations of 840 ,U/ml are rarely or never observed, even in pathological conditions. It is thus likely that physiological changes in insulin concentrations can account for only a very small proportion of the observed change in energy expenditure, i.e., 0.05 kcal/min per 752 ,U per ml insulin or 0.007 kcal/min for every 100 gU/ml increase in insulin concentration if one assumes a linear relationship between the rise in plasma insulin concentration and the increase in energy expenditure mediated via the sympathetic nervous system.
Flatt has calculated the energy cost of storing glucose as glycogen based on the ratio of the number of moles of ATP used to those produced during glucose oxidation and glucose conversion to glycogen, i.e., 5.3% of the energy content of glucose or 0.2 kcal/g (3) . By comparing the thermic effects of glucose/ insulin, glucose alone, and insulin alone obtained experimentally with those calculated as above, it is possible to obtain an index of the contribution of the obligatory and facultative thermogenic components (36) during the different phases of the study. The energy cost of glucose storage (obligatory thermogenesis) accounted for -50-60% of the measured thermic effect (Tables  III and V) It is interesting to note that the increase in energy expenditure over the somatostatin baseline during the hyperglycemic, high plasma insulin clamp (test 2a, phase 2) was 0.23±0.03 kcal/min at a glucose uptake of 0.926±0.102 g/min of which 0.05±0.02 kcal/min or 22% can be accounted for by insulin and/or stimulation of the sympathetic nervous system. If one assumes, as observed elsewhere (37) , that a certain sympathetic component to the increase in energy expenditure was already present before the step increase in plasma insulin concentration, then these results confirm our previous observations (36, 37) that stimulation ofthe sympathetic nervous system can account for -30% of the increase in energy expenditure during glucose/insulin infusions.
Although it would appear that insulin via stimulation of the sympathetic nervous system can account for 20-25% of the fac-TESTS la and lb ultative thermogenesis (36) it is possible that other factors may be involved but which cannot be determined from our data.
In this study somatostatin was used as a tool to suppress endogenous insulin secretion. It is unlikely that it influenced our results substantially since tests lb and 2b carried out without somatostatin gave similar results of glucose metabolism.
Certain aspects of somatostatin actions were observed, however. Somatostatin infusion caused a decrease in blood glucose concentration, which necessitated the infusion of glucose at a rate of 1.3 mg/kg per min in both tests, to maintain euglycemia. It is well documented that this decrease in glycemia is principally due to inhibition of glucagon-stimulated glycogenolysis by somatostatin, which results in a 50-80% reduction in hepatic glucose production (38, 39) . Although hepatic glucose production was not measured in the present study, one can assume a basal hepatic glucose production of -2.2 mg/kg per min (40, 41) ; somatostatin thus caused a 60% decrease in hepatic glucose z production in our study consistent with the results of others (38, 39) .
During the last 30 min of the hyperinsulinemic euglycemic clamp with somatostatin, glucose uptake was somewhat lower (6.5±0.4 mg/kg per min) than during the same phase without somatostatin (7.2±0.5 mg/kg per min), but the difference was not significant. While other studies have reported decreased peripheral glucose utilization after long periods of somatostatin infusion (38, 42) , they have been questioned by Bergman et al. (43) who observed an increased glucose clearance with somatostatin infusion and insulin in dogs. They proposed that somatostatin increases insulin receptor sensitivity to insulin but their rate of somatostatin infusion was approximately eight times the rate used in the present study. Such large doses could cause nausea and abdominal pain in human subjects (44) .
The initiation of somatostatin infusion not only influenced hepatic glucose production but other metabolic parameters as well. Transient falls were also observed in metabolic rate and glucose oxidation, conversely fat oxidation rose concomitant with an increase in plasma free fatty acids. The latter was probably due to increased lipolysis by the removal of the inhibitory effect of insulin. Whether the fall in glucose oxidation was a result of reduced hepatic glucose production (38, 39) , inhibition of glucose oxidation by the glucose fatty-acid cycle (45) or both cannot be determined from our data.
The influence of increasing insulin concentrations on plasma catecholamine concentrations has been mentioned above. Like Rowe et al. (33) , we found that these hormonal changes correlated well with our heart rate measurements. An 11% increase in circulating plasma catecholamine concentration was accompanied by an 11% increase in heart rate. It is of interest to note that when the somatostatin infusion was initiated, there was a significant but transient fall in heart rate (see Fig. 5 ) that lasted 10-15 min. This effect of somatostatin on the heart rate has been observed before (46, 47) , but no suggestions were made to explain this phenomenon. Since somatostatin inhibits pancreatic insulin and glucagon secretion, this decrease in heart rate could be due to inhibition of the positive inotropic action of insulin (48) and/or the positive inotropic and chronotropic action of glucagon (49) . But this would not explain the transient nature ofthe response. It is also possible that somatostatin might influence the sympathetic nervous system. Somatostatin or somatostatin-like peptides have been found in the brain (50) , and it has been suggested that somatostatin and endorphin neurons interact to modulate sympathetic outflow to the adrenal medulla (51) . The same authors have not, however, observed similar effects of somatostatin on peripheral sympathetic nerve endings, nor has it been found to decrease plasma epinephrine or norepinephrine concentrations (52) ; this is in agreement with the results of this study. Assuming that the slight decrease in heart rate observed with somatostatin infusion represents a change in sympathetic nervous activity, this is of a transitory nature since the resting heart rate was reestablished before the start of the insulin infusion.
In conclusion our results demonstrate that a large proportion of the thermic response to glucose/insulin infusions is due to glucose metabolism alone. The contribution of insulin per se in the stimulation of energy expenditure is small and appears to be mediated via the sympathetic nervous system, thus at physiological insulin concentrations, the thermogenic effect of insulin per se is negligible.
